Renin-Angiotensin System Components in the Lungs {#Sec1}
================================================

There is a considerable body of evidence for the existence of local, tissue-based, renin-angiotensin system (RAS) in which angiotensin (Ang) peptides production is independent of circulating precursors \[[@CR13], [@CR56]\]. Expression of angiotensinogen, the type 1 (AT1) and type 2 (AT2) Ang II receptors in rat and human lung tissue support local generation of Ang II \[[@CR56]\]. Membrane angiotensin-converting enzyme (ACE), primarily responsible for conversion of Ang I to Ang II in the circulation, is abundantly expressed in vascular endothelium of pulmonary circulation.

Ang II can modulate inflammatory response promoting cytokine production, expression of endothelial adhesion molecules, inflammatory cell migration, epithelial cell apoptosis, oxidative stress, lung fibroblast growth and fibrosis \[[@CR56]\]. The majority of these actions are mediated through the AT1 receptor involving complex intracellular signaling pathways \[[@CR38]\]. AT1 receptor, coupled to Gaq/11 protein, can stimulate multiple signaling pathways including MAPK/ERK, Rho/ROCK kinase, PLCb/IP3/diacylglycerol, tyrosine kinases, and NF-kB \[[@CR3]\]. ACE/Ang II/AT1 receptor axis is involved in many lung diseases.

ACE2, anACE homologous enzyme, has emerged as a potent negative regulator of the RAS. ACE2 regulates RAS signaling, reducing Ang II/AT1 receptor signaling and activating the counterregulatory angiotensin-(1-7) \[Ang-(1-7)\]/Mas receptor pathway. ACE2 protein is expressed in the lungs, mainly in the vascular endothelium, Clara cells, type I and type II alveolar epithelial cells \[[@CR26], [@CR27], [@CR48]\], as well as in smooth muscle of small and medium vessels in the mouse lung \[[@CR92]\]. Mas receptor, a functional receptor for Ang-(1-7) \[[@CR76]\], is present in thin areas of the bronchial epithelium and smooth muscle \[[@CR52]\]. ACE2/Ang-(1-7)/Mas receptor pathway often serves to counterregulate the pro-inflammatory, pro-proliferative, and pro-fibrotic effects of the ACE/Ang II/AT1 receptor pathway \[[@CR77]\].

Ang-(1-7) and Pulmonary Arterial Hypertension {#Sec2}
=============================================

Pulmonary hypertension (PH) is a disorder characterized by an increase in mean pulmonary arterial pressure (PAP) ≥25 mmHg at rest as assessed by right heart catheterization (RHC) \[[@CR32]\]. The term pulmonary arterial hypertension (PAH) describes a group of PH patients characterized hemodynamically by the presence of pre-capillary PH, defined by a pulmonary artery wedge pressure (PAWP) ≤15 mmHg and a pulmonary vascular resistance (PVR) \>3 Wood units (WU) in the absence of other causes of pre-capillary PH, such as PH due to lung diseases, chronic thromboembolic pulmonary hypertension (CTEPH), or other rare diseases \[[@CR32]\]. A hallmark of PAH is a vascular remodeling process that increases PVR and subsequent right ventricular hypertrophy and premature death \[[@CR78]\]. Regardless of the underlying disease, chronic cor pulmonale is associated with progressive clinical deterioration and a poor prognosis in most cases. Incidence and prevalence of PAH is very similar in USA (2.0 and 10.6 cases of PAH per million inhabitants, respectively) and in UK (1.1 and 6.6 cases of PAH per million inhabitants, respectively) \[[@CR49], [@CR62]\].

Clinical classification of PH categorizes multiple clinical conditions into five groups, according to their similar clinical presentation, pathological findings, hemodynamic characteristics, and treatment strategy \[[@CR20]\].

Diagnosis of PH isbased on clinical suspicion established by symptoms, typically induced by exertion (shortness of breath, fatigue, weakness, angina, and syncope). Symptomsat rest occur only in advanced circumstances. Abdominal distension and ankle edema will develop with progressing right ventricle (RV) failure. Diseases that cause or are associated with PH as well as other concurrent diseases can modify the presentation of PH \[[@CR20]\].

Advances in basic and clinical research into PAH have led to improved understanding of disease pathogenesis and identification of novel therapeutic targets \[[@CR42]\]. The aim of specific therapies for PH is to reduce PVR and thereby improve RV function. Currently, five classes of drugs have been applied for PAH:endothelin receptor antagonists (ERAs), prostanoids, phosphodiesterase type 5 inhibitors, soluble guanylate cyclase stimulators, and selective prostacyclin receptor agonists \[[@CR89]\]. Despite improvement in patient symptoms and well-being with these agents, mortality rates remain high (\~65% survival at 5 years). New therapies are needed targeting alternative pathways that can reverse pulmonary vascular remodeling, inhibit disease progression, and improve survival \[[@CR23]\]. The RAS is being intensively studied as an alternative therapeutic target \[[@CR90]\].

A large number of studies have shown that the RAS is importantly involved in PAH pathophysiology \[[@CR12], [@CR38], [@CR86]\]. Lungs of patients with PAH express high levels of ACE in the intra-acinar arteries, suggesting that locally increased production of Ang II, a potent pulmonary vasoconstrictor with mitogenic actions, may contribute to the process of pulmonary vascular remodeling \[[@CR69]\]. Ang II is also capable of inducing an inflammatory response in the vascular wall. Ang II, via the type 1 (AT1) receptors, enhances the production of reactive oxygen species (ROS) through stimulation of NAD(P)H oxidase in the vascular wall, leading to endothelial dysfunction and vascular inflammation by stimulating the redox-sensitive transcription factors (NF-kB) and by upregulating adhesion molecules, cytokines, and chemokines \[[@CR9]\]. De Man et al. \[[@CR12]\] demonstrated increased serum levels of renin, Ang I, and Ang II and correlations with disease progression and mortality in patients with idiopathic PAH. Taken together, these findings indicate an active role for RAS in the pulmonary hypertensive process.

There is abody of evidence suggesting that ACE2, either by itself or through its catalytic product Ang-(1-7), opposes the proliferative, hypertrophic, and fibrotic effects of Ang II in many organs, including the lungs, pointing for a plausible protective role against PAH. Ang II appears to be the main substrate for ACE2, and is effectively hydrolyzed to Ang-(1-7). ACE2 protein is expressed in various human organs and in the lungs, it is expressed mainly on the vascular endothelium, and type I and type II alveolar epithelial cells \[[@CR26], [@CR27]\].

Studies demonstrate that serum ACE2 was decreased in patients with PAH due to congenital heart disease, and mean PAP was negatively correlated with serum levels of ACE2 \[[@CR11]\]. Similar results were found for Ang-(1-7), suggesting the decrease in Ang-(1-7) shifts the balance of the RAS toward the ACE/Ang II/AT1 receptor axis, resulting in increases in vascular remodeling, fibrosis and PAH in congenital heart disease patients \[[@CR10]\]. Consistent with these findings, several ACE2 activators such as diminazene aceturate (DIZE) \[[@CR84]\], xanthenone (XNT, e 1-\[(2-dimethylamino) ethylamino\]-4-(hydroxymethyl)-7-\[(4-methylphenyl) sulfonyloxy\]-9H-xanthene-9-one) \[[@CR31]\], resorcinolnaphthalein \[[@CR44], [@CR45]\], and NCP-2454 \[[@CR24]\] have been reported in various preclinical models of PAH.

In a recent trial, Hemnes et al. \[[@CR30]\] assessed the mechanism, safety, and efficacy of ACE2 (single IV infusion of GSK2586881) in the treatment of patients with idiopathic and heritable PAH (18 years) with functional class I-III. PAH patients had a significant decrease in ACE2 activity as reflected by the increased Ang II/Ang-(1-7) ratio in PAH patients compared with controls. After treatment, PAH patients had a decrease in Ang II/Ang-(1-7) ratio, suggesting increased activity of ACE2. In addition, levels of superoxide dismutase (SOD2) protein were approximately 25% lower in PAH plasma compared with controls. After treatment, there was significant induction of plasma SOD2 protein levels by 2 weeks suggesting induction in the enzymatic activity by GSK2586881. Compared with control, patients with PAH had increased levels of cytokines (IL-10, IL-1β, TNF-α, IL-13, IL-8, and IL-4). After GSK2586881 administration, there was suppression of IL-10, IL-1β, IL-2, and TNF-α that could be detected as early as 2 hours after drug administration and was associated with sustained anti-inflammatory effects with reduced levels of IL-1β, IL-6, IL-8, and TNF-α at 2 weeks \[[@CR30]\]. Taken together, these data showed that treatment with ACE2 reduced the markers of oxidant and inflammatory mediators and improved the balance between ACE/Ang II/AT1 receptor and ACE2/Ang-(1-7)/Mas receptor axis.

Ang-(1-7) promotes therelease of prostanoids from endothelial cells (EC) and smooth muscle cells (SMC) and the release of nitric oxide (NO). In addition, Ang-(1-7) inhibits proliferation of vascular SMC and EC *in vitro* and *in vivo* and opposes the mitogenic effects of Ang II \[[@CR77]\]. Drugs that inhibit the synthesis of Ang II (ACE inhibitors) or that antagonize AT1 receptors (Ang II receptor blockers -- ARBs) have been shown to decrease right ventricular hypertrophy, decrease medial thickening and peripheral muscularization of small pulmonary arteries in hypoxic animals \[[@CR65]\]. In addition, ACE2 \[[@CR17], [@CR94]\] or Ang-(1-7) itself, by targeted gene transfer, protects the lungs in a model of pulmonary hypertension \[[@CR82]\]. The effects of Ang-(1-7) appear to be associated with upregulation of endothelial nitric oxide synthase (eNOS) activation via AKT pathway \[[@CR7]\]. Recently, Zhang et al. \[[@CR96]\] showed that phosphorylation of ACE2 by AMPK enhanced the stability of ACE2, which increased Ang-(1-7) and nitric oxide synthase (eNOS)-derived NO bioavailability in endothelial cells.

Shenoy et al. \[[@CR85]\] developed a plant-based oral delivery of ACE2 or Ang-(1-7) to protect against gastric enzymatic degradation and facilitates long-term storage at room temperature. Further, fusion to a transmucosal carrier helped effective systemic absorption from the intestine on oral delivery. Rats fed with bioencapsulated ACE2 or Ang-(1-7) presented attenuation in the development of monocrotaline-induced PH and improvement of cardiopulmonary pathophysiology. Furthermore, in the reversal protocol, oral ACE2 or Ang-(1-7) treatment significantly arrested disease progression, along with improvement in right heart function, and decrease in pulmonary vessel wall thickness. In addition, a combination therapy with ACE2 and Ang-(1-7) augmented the beneficial effects against monocrotaline-induced lung injury. According to the authors, these results provided proof-of-concept for a novel low-cost oral ACE2 or Ang-(1-7) delivery system using transplastomic technology for pulmonary disease therapeutics.

Microvesicles derived from mesenchymal stem cells (MSCs) improve the outcome of PAH \[[@CR43]\]. Recently, Liu et al. \[[@CR50]\] investigated whether the effect of MSC-derived microvesicles on PAH induced by monocrotaline was correlated with RAS. Animals treated with microvesicles from MSCs notably attenuated the pulmonary artery pressure, reversed the RV hypertrophy and pulmonary vessel remodeling, the inflammation score and the collagen fiber volume fraction. In addition, ACE2 mRNA in the lung tissues and plasma levels of Ang-(1-7) were both upregulated in animals treated with MSC microvesicles. These protective effects were diminished by the use of A-779, a selective inhibitor of the Mas receptor (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Effects triggered by treatment with angiotensin-converting enzyme 2 (ACE2), ACE inhibitors and angiotensin II receptor blockers in pulmonary hypertension

Ang-(1-7) in Acute Respiratory Distress Syndrome {#Sec3}
================================================

Acute respiratory distress syndrome (ARDS) is a life-threatening form of respiratory failure, that globally accounts for 10% of intensive care unit admissions, representing more than three million patients with ARDS annually \[[@CR16]\]. Its first description dates 50 years ago \[[@CR2]\]. Since then, ARDS has been redefined several times to ameliorate the accuracy of clinical diagnosis \[[@CR4], [@CR66], [@CR73]\]. The last one was the Berlin definition \[[@CR73]\] that proposed three categories of ARDS based on the severity of hypoxemia, timing of acute onset, origin of edema, and the chest radiograph or computed tomographic (CT) findings.

ARDS results from a wide spectrum of different risk factors, which can be either local or systemic (Table [1](#Tab1){ref-type="table"}). According to the origin of the inflammatory insult, ARDS can be classified in pulmonary ARDS (ARDSp), as local or direct lung insult and extrapulmonary ARDS (ARDSexp), as systemic or indirect lung injury \[[@CR21]\]. There are important clinical differences between ARDSp and ARDSexp in pathology, radiography, respiratory mechanics, response to treatment, and outcomes \[[@CR21], [@CR80]\].Table 1Origin of the inflammatory insult in ARDSPulmonary ARDSExtrapulmonary ARDSPneumonia (bacterial, viral, fungal)Sepsis syndromeAspiration of gastric contentsNon-thoracic traumaLung contusionTransfusionInhalation injuryCardiopulmonary bypassNear-drowningPancreatitisFat emboliDrug overdoseReperfusion injuryBurn injuryMechanical ventilation (barotrauma, volutrauma)

ARDS remains a serious clinical problem with the main treatment being supportive in the form of mechanical ventilation. However, if the mechanical ventilation is used improperly, itcan exacerbate the tissue damage caused by ARDS, known as ventilator-induced lung injury (VILI). To date, the only intervention demonstrated to improve clinical outcomes in ARDS is the use of a protective ventilatory strategy that uses low tidal volumes (VT) of 6 mL/kg predicted body weight compared with traditionally applied VT of 12 mL/kg \[[@CR5]\].

Different animal models of experimental lung injury have been used to investigate mechanisms of lung injury \[[@CR1]\]. In 2011, a committee assembled by the American Thoracic Society (ATS) published a workshop report determining the main features that characterize ARDS in animals and then identifying the most relevant measurements to assess these features. Important traits include (1) histological evidence of tissue injury, (2) alteration of the alveolar capillary barrier, (3) the presence of an inflammatory response, and (4) evidence of physiological dysfunction \[[@CR59]\].

A body of evidence demonstrates that the RAS is involved in the pathogenesis of ARDS. In addition to its cardiovascular functions, Ang II is involved in inflammatory and fibrogenic processes in the lung \[[@CR18], [@CR25], [@CR55]\]. Association between ACE polymorphism and susceptibility, progression, and outcome in ARDS has been demonstrated \[[@CR36], [@CR57]\]. Moreover, several studies have shown that inhibition of ARDS by AT1 receptor blockade or inhibition of Ang II formation by ACE has a protective effect on ARDS \[[@CR34], [@CR72], [@CR81]\].

Protective effect of losartan has been tested on different models of ARDS. Losartan delayed the onset of ARDS in Wistar rats challenged by *i.t.* instillation of Bordetella bronchiseptica, prevented progressive deterioration of gas exchange and delayed the mortality of infected rats \[[@CR72]\]. The signs of inflammation, thickened alveolar septae, and a marked increase in cellularity dominated by polymorphonuclear leukocytes were much less evident in losartan-treated rats. Although this effect was associated with a significant inhibition of lung-neutrophil recruitment, lung bacterial clearance was not impaired but rather, it was significantly improved. Similar results were found with irbesartan. Differently, neither the ACE inhibitor captopril, nor the nonselective peptide inhibitor of Ang II receptors, saralasin, reproduced these effects. The protective effects of losartan on ARDS were attributed, at least in part, to NF-kB and MAPK mechanisms. In a sepsis-induced ARDS using cecal ligation and puncture (CLP), Shen et al. \[[@CR81]\] demonstrated that losartan treatment significantly led to inhibition of lung tissue NF-kB activation, attenuated degradation of IkB-alpha, and inhibited phosphorylation of p38MAPK, extracellular signal-regulated kinase 1/2, and c-Jun N-terminal kinase, critical pathways for cytokine release. Similarly, results of Raiden et al. \[[@CR72]\] showed that losartan delays the onset of ARDS triggered by a bacterial infection, prevents blood gas deterioration and histopathologic appearance of ARDS, and significantly improved survival after sepsis.

The effects of captopril and losartan have also been tested in fat embolism (FE) and the consequent fat embolism syndrome (FES) that occurs after trauma or surgery and can lead to serious pulmonary injury, including ARDS and death \[[@CR63]\]. There was a reduction in pulmonary inflammation, along with a significant decrease in interseptal edema and hemorrhage. Pathologic changes induced by FE in the lumen patency were also diminished with RAS inhibitors. Extending the evidence for the involvement of the RAS in this syndrome, Fletcher et al. \[[@CR18]\] demonstrated that aliskiren, a renin inhibitor, protects rat lungs from the histopathological effects of fat embolism.

ACE inhibition or blockade of AT1 receptor favors an increase in Ang-(1-7) levels \[[@CR77]\]. In ARDS, an ACE/ACE2 imbalance occurs in favor of increased ACE activity and correlates with lung injury. Previous studies have found that ACE2 mRNA, protein, and enzymatic activity were severely downregulated in human and experimental lung tissue injuries \[[@CR34], [@CR41]\]. The decrease in ACE2 expression was importantly involved in severe acute respiratory syndrome (SARS), in which the pathogen, coronavirus (SARS-CoV), triggers severe pneumonia and acute, often lethal, lung failure. Kuba et al. \[[@CR41]\] demonstrated that ACE2 is a crucial SARS-CoV receptor in vivo, and both SARS-CoV infections and the Spike protein of the SARS-CoV reduced ACE2 expression, contributing to the severity of lung pathology. In addition, the injection of SARS-CoV Spike into mice worsens acute lung failure *in vivo*. This effect was associated with an increase in Ang II in the lung and it was attenuated by blocking AT1 \[[@CR41]\].

In 2005, Imai et al. reported that lack of ACE2 expression (ACE2KO animals) precipitated ARDS, suggesting that ACE2 could present an important role in the prevention of ARDS. ARDS resulted in reduced ACE2 expression and increased Ang II production in ACE2^+/+^ animals as a result of insults. Elastance of the respiratory system, as well as pulmonary edema, was significantly higher in sepsis groups, mainly in ACE2^−/−^ mice. In addition, it was observed thickening of the alveolar wall, edema and pulmonary congestion, infiltration of inflammatory cells and hyaline membrane in sepsis-induced ACE2^−/−^ mice. After 6 hours of observation, all animals in the ACE2^+/+^ group were alive and only 2 of the 10 animals in the ACE^−/−^ group survived. Moreover, intraperitoneal injection of recombinant human ACE2 protein (rhuACE2) in ARDS induced in ACE2^−/−^ mice prevented the increase in elastance of the respiratory system and formation of pulmonary edema. In contrast to ACE2^−/−^ mice, mice with genetic deletion of ACE (ACE^−/−^) are protected against acid aspiration-induced ARDS and inactivation of ACE in ACE2^−/−^ animals attenuates ARDS. Likewise, pharmacological inhibition or genetic deletion of AT1a (AgTr1a^−/−^) receptors significantly attenuated lung function and edema formation. On the other hand, inactivation of AT2 receptors aggravated acute lung injury (ALI) \[[@CR34]\].

Recently, bone marrow-derived mesenchymal stem cells (MSCs) overexpressing ACE2 served as a vehicle for gene therapy in lipopolysaccharide (LPS)-induced ARDS mice \[[@CR28]\]. MSCs were transduced with ACE2 gene (MSC-ACE2) by a lentiviral vector and then infused into wild-type (WT) and ACE2 knockout (ACE2−/y) mice following an LPS-induced intratracheal lung injury. MSC-ACE2 improved the lung histopathology, inflammation (decreased the neutrophil counts in the BALF, downregulated the expression of IL-1β and IL-6, and upregulated IL-10 in the lung). Additionally, MSC-ACE2 significantly reduced lung edema, in part by improving lung endothelial permeability, and normalized lung eNOS expression. Increased activity of ACE2 decreased the Ang II and increased the Ang-(1-7) in the lung, thereby inhibiting the detrimental effects of accumulating Ang II.

Protective mechanisms of ACE2 on experimental ARDS are not fully understood. ACE2 regulates RAS signaling, reducing Ang II/AT1 receptor signaling and activating the counterregulatory Ang-(1-7)/Mas receptor pathway. Treatment with lentiviral packaged ACE2 cDNA reduced and ACE2 shRNA increased Ang II/Ang-(1-7) ratio in the bronchoalveolar lavage, LPS-induced lung injury and inflammatory response. These responses were associated with alteration in the phosphorylation of MAPK and were all abolished by A779, a Mas receptor antagonist, suggesting these effects were mediated by Ang-(1-7) \[[@CR47]\]. These data indicate that ACE2 protects lung injury via an increase in Ang-(1-7), which in turn stimulates Mas-mediated signaling to inhibit ERK1/2 and NF-κB activation \[[@CR46], [@CR47]\]. A recent study indicates that early initiation of therapy after experimental ALI induced by oleic acid and continuous drug delivery are most beneficial for optimal therapeutic efficiency of Ang-(1-7) treatment \[[@CR88]\].

The cornerstone of ARDS management remains mechanical ventilation. However, mechanical ventilation with high tidal volumes causes lung hemorrhage and edema and activates inflammatory pathways, process referred as ventilator-induced lung injury (VILI). Jiang et al. \[[@CR37]\] demonstrated an increase in lung Ang II levels induced by VILI. Deleterious effects were attenuated by captopril, an ACE inhibitor. These results suggested that local tissue angiotensin mediates these harmful events in VILI. Using the same VILI model of high tidal volumes, Jerng et al. \[[@CR35]\] demonstrated that the lung injury score, bronchoalveolar lavage fluid protein concentration, pro-inflammatory cytokines, and NF-kB activities were significantly increased in the high-volume group compared with controls. In addition, the lung Ang II and mRNA levels of angiotensinogen and AT1 and AT2 receptors were also significantly increased in the high-volume group. Pretreatment with captopril or concomitant infusion with losartan or PD123319 in the high-volume group attenuated the lung injury and inflammation. Losartan and a protease-resistant, cyclic form of Ang-(1-7), showed similar lung protective effects, but losartan caused a significant decrease in blood pressure in the LPS-exposed ventilated animals \[[@CR93]\].

Intravenous effect of Ang-(1-7) or its non-peptide agonist, AVE0991, was evaluated in ARDS induced by intravenous injection of oleic acid \[[@CR40]\]. Ang-(1-7) or AVE0991 infusion 30 minutes after oleic acid administration reversed lung edema, and attenuated increased myeloperoxidase activity, which reflects neutrophil invasion. In addition, administration of Ang-(1-7) or AVE0991 restored arterial pressure and kept throughout experimental protocol (4 h), which falls rapidly by approximately 40% in untreated animals. Ang-(1-7) or its analog AVE0991 also prevented a decrease in pulmonary vascular resistance, characteristic for the acute phase of ARDS. Further, Ang-(1-7) or AVE0991 blocked the increase in TNF-α concentration in bronchoalveolar (BALF). These effects were antagonized by A779 and D-Pro^7^-Ang-(1-7) \[[@CR40]\]. Corroborating with the results of Imai et al. \[[@CR34]\], treatment with ibesartan, an AT1 blocker, normalized systemic blood arterial pressure, pulmonary arterial resistance, wet-to-dry lung weight ratio, BALF protein concentration, and myeloperoxidase activity in lung tissue. The beneficial effect of ibesartan was prevented by co-treatment with either A779 or d-Pro^7^-Ang-(1-7) on systemic and pulmonary hemodynamics. Thus, the protective effect of recombinant ACE2 or AT1 antagonization in ALI may be related at least in part to increased formation of Ang-(1-7) and stimulation of its specific receptor signaling pathways \[[@CR40]\]. In this same study, the effect of Ang-(1-7) was tested in two murine ARDS models, ventilator-induced lung and acid aspiration injury. Ang-(1-7) reversed the effects in both models \[[@CR40]\].

Ang-(1-7) has a antiremodeling role in pulmonary fibrosis that occours after ARDS \[[@CR8]\]. Recently, Zambelli et al. \[[@CR95]\] evaluated the potential for Ang-(1-7) to attenuate ARDS severity and lung fibrosis in a preclinical ARDS model. These authors evaluated if Ang-(1-7) would reduce the severity of early ARDS induced by the combined 'insults' induced by unilateral acid aspiration model followed by high stretch mechanical ventilation. Ang-(1-7) acute infusion showed a significant improvement of arterial oxygenation and inflammatory response (in terms of polymorphonuclear recruitment into alveoli) in acute ARDS. In other protocol, two weeks of Ang-(1-7) infusion increased blood oxygen saturation and the right lung from treated rats showed a significant reduction in collagen deposition. Thus, the inhibitory effect of Ang-(1-7) on inflammatory cells recruitment seen in the acute phase may be related to the reduction of fibrosis in the later phase. The beneficial effects observed by Jiang et al. \[[@CR37]\] and Jerng et al. \[[@CR35]\] may be related to the formation of Ang-(1-7) from the use of captopril and/or losartan.

More recently, Khan et al. \[[@CR39]\] reported results of a phase II trial examining the safety and efficacy of using GSK2586881, a recombinant human ACE2 (rhACE2), in 18 and 80 years old patients with ARDS, which had been mechanically ventilated for less than 72 h. The use of twice-daily doses of GSK2586881 infusion (0.4 mg/kg) for 3 daysresulted in a decrease in plasma Ang II associated with an increase in Ang-(1-7) and Ang-(1-5) that remained elevated for 48 h. There was also a trend to decrease in IL-6. Although no episodes of hypotension were associated with infusion of GSK2586881, no significant improvement in oxygenation was observed in patients (ratio of partial pressure of arterial oxygen to fraction of inspired oxygen-PaO/FIO~2~, oxygenation index), or Sequential Organ Failure Assessment-SOFA score between treated and placebo groups was observed, which the authors attributed to numerous factors that were not adequately controlled for in this trial \[[@CR39]\]. However, this study reinforces the need for further evaluation of the impact of RAS modulation on pulmonary hemodynamics and markers of pulmonary injury (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Alterations in renin-angiotensin system components in acute respiratory distress syndrome (ARDS). (*ACE* angiotensin-converting enzyme, *Ang* angiotensin)

Ang-(1-7) in Asthma {#Sec4}
===================

Epidemiological studies show that asthma is currently the most common chronic disease in children, being the major cause of missed days at school and, in adults, loss of working days. In addition, asthma is associated with a significant rate of mortality \[[@CR74]\]. The large increase in incidence of asthma is becoming a major global health problem and has encouraged studies aimed at increasing the knowledge of the pathophysiology of asthma, as well as development of new treatments to improve clinical management of the disease, mainly to meet asthma patients who do not respond well to current therapies \[[@CR51]\].

Asthma is defined as a reversible airway obstructive disease, caused by airway mucosal edema, inflammation, increased mucus secretion, smooth muscle contraction, and airway hyperreactivity and remodeling \[[@CR83]\]. Multiple cells and multiple mediators play a crucial pathophysiological role. The inflammatory response in allergic asthma is characterized by excess production of IgE, mast cell degranulation, and the infiltration of eosinophils and lymphocytes \[[@CR22], [@CR83]\]. However, the recruitment and activation of these cells depend on the expression and release of several classes of proteins, such as cytokines, particularly Th2-derived. Inflammatory mediators that increase influx of leukocytes, activity, and survival of eosinophils are positively correlated with asthma severity \[[@CR14], [@CR19]\]. Failure to resolve the inflammatory process causes a persistent inflammation with consequent tissue destruction and loss of pulmonary function \[[@CR14]\].

There is experimental and clinical evidence indicating that activation of the pulmonary RAS is involved in the pathophysiology of allergic pulmonary disease, especially through an inappropriate increase in angiotensin II (Ang II) \[[@CR67], [@CR68]\]. However, the Ang-(1-7)/Mas receptor axis, recognized as a counterregulatory peptide system within the RAS, exhibits anti-inflammatory effects and prevents inappropriate remodeling in different pathophysiological states, such as asthma. Here, we show the effects of treatment with Ang-(1-7) on the three main changes observed in chronic asthma: inflammation, pulmonary remodeling, and bronchial hyperesponsiveness.

Experimental studies try to clear up aspects of the pathophysiology of asthma mimicking human disease. They classically include two phases: sensitization and challenge. Sensitization is traditionally performed by intraperitoneal and subcutaneous routes, and the challenges with allergens are performed through aerosol, intranasal, or intratracheal instillation. Sensibilization increases IgE levels in the circulation, but does not induce signs of inflammation or pulmonary remodeling. IgE binds to receptors in eosinophils, mast cells, and basophils. When the challenge occurs with the same allergen, the allergen provokes an antigenic-antibody reaction that induces the degranulation of these cells. Degranulation releases inflammatory mediators that initiate and propagate the process. Ovalbumin (OVA) is a widely used allergen, because promote to an intense allergic lung inflammation. In addition, the most common species studied in the last two decades is mice, particularly BALB/c \[[@CR15], [@CR52]\].

In an experimental model of acute asthma (BALB/c mice), Ang-(1-7) treatment resulted in inhibition of the OVA-induced increase in total cell counts, eosinophils, lymphocytes, and neutrophils. Ang-(1-7) also significantly reduced the OVA-induced perivascular and peribronchial inflammation (Fig. [3](#Fig3){ref-type="fig"}). Moreover, Ang-(1-7) attenuated OVA-induced increase in the phosphorylation of IκB-α and ERK 1/2, suggesting that Ang-(1-7) could mediate an anti-inflammatory pathway in allergic asthma \[[@CR15]\]. In chronic allergic lung inflammation that administration of Ang-(1-7) or a synthetic analog, AVE 0991 (Mas receptor agonist), decreased inflammatory cell infiltrate in the peribronchial, perivascular, and alveolar regions of the lung \[[@CR52], [@CR75]\]. Furthermore, Ang-(1-7) treatment decreased chemokines (CCL2 and CCL5), cytokines (IL-4, IL-5 and GM-CSF), IgE, and two signaling pathways associated with asthma, the ERK1/2, and possibly the JNK pathways. Altogether, these results suggest that Ang-(1-7) treatment decreases chemokines and cytokines essential for the initiation and maintenance of the inflammatory process, as well as those important for the migration of eosinophils to the site of injury and reduction of their apoptosis. These effects were associated with the inhibition of ERK1/2 pathway \[[@CR52]\].Fig. 3Representative histological images of lung sections stained with H&E from OVA-sensitized and challenged mice and treated with Ang-(1-7). The OVA produced a pronounced increase in the density of inflammatory cell infiltrate around the airways and blood vessels and alveolar parenchyma (**a**). Treatment with Ang-(1-7) attenuated the inflammatory infiltrate in the peribronchial, perivascular and alveolar regions of the lung (**b**). In addition, OVA mice exhibited significantly greater thickening and inflammation of the alveolar wall and bronchial wall thickness. Ang-(1-7) presented reduced inflammation in the interalveolar space with normal appearance of the alveolar lumen \[[@CR52]\]

It has been demonstrated that genetic Mas deficiency increased chronic allergic pulmonary inflammation. FVB/N mice with genetic deletion of the Mas receptor subjected to a model of chronic allergic lung inflammation presented a significant increase in the number of eosinophils in BALF and inflammatory cell infiltrate in the lung \[[@CR53]\]. Furthermore, there was an increase in ERK1/2 phosphorylation and proinflammatory cytokine (IL-13) and chemokines (CCL2/MCP-1 and CCL5/RANTES) in the lungs of mice asthmatic with genetic deletion of the Mas receptor \[[@CR53]\]. Thus, Mas receptor-induced effects are important counterbalancing mechanisms of the RAS for attenuating the inflammatory process in asthma. Moreover, impairment of the Ang-(1-7)/Mas receptor pathway may lead to the deterioration of the pathophysiology of asthma.

Defective apoptosis of eosinophils, the main leukocyte in the pathogenesis of asthma, and delay in its removal lead to lung damage and loss of pulmonary function due to failure in the resolution of inflammation \[[@CR14], [@CR19]\]. Recently, we demonstrated a novel action of Ang-(1-7), resolution of allergic lung inflammation \[[@CR54]\]. Balb/c mice were sensitized and challenged with OVA and treated with Ang-(1-7) at the peak of the inflammatory process. Treatment with Ang-(1-7) reduced the accumulation of eosinophils in the lung by inducing apoptosis. In addition, Ang-(1-7) treatment reduced the phosphorylation of intracellular signaling pathway, associated with cytokine production and leukocyte survival, the NF-κB. Increase in apoptosis of leukocytes and their clearance by macrophages are essential events to promote resolution of inflammation \[[@CR70]\]. Ang-(1-7) treatment increased the clearance of the apoptotic cells by macrophages \[[@CR54]\]. This result added important criteria to establish Ang-(1-7) as an endogenous pro-resolutive mediator.

Unregulated or prolonged inflammatory responses in the lungs can lead to tissue damage, pulmonary remodeling, and consequently compromised lung function \[[@CR33]\]. There isevidence that lung inflammation and remodelling in both asthmatic patients and in experimental models of asthma are not restricted to the airway and extend into the parenchyma and pulmonary vessels \[[@CR33]\]. In addition to leukocytes migrating to the lung, structural cells, airway epithelium and smooth muscle cells secreting a variety of inflammatory mediators and extracellular matrix proteins, can participate in immunomodulation and airway remodelling in asthma \[[@CR91]\]. In a model of chronically OVA-sensitized and challenged mice, there was an increase in the deposition of collagen fibres in the airway wall, an increase in the expression of collagen I and III in the lung, along with thickening of the alveolar wall and smooth muscle of the arterioles. In addition, the OVA-mice showed right ventricular hypertrophy, probably due to a functional and structural adaptation in response to chronic pulmonary artery pressure overload \[[@CR52]\]

Lung sections from mice that were challenged intranasally with OVA (four consecutive days, with 20 μg OVA) showed severe perivascular and peribronchial fibrosis and marked goblet cell hyper/metaplasia suggesting airway remodeling. In contrast, lung sections from OVA-challenged mice treated with Ang-(1-7) decreased in the perivascular and peribronchial fibrosis and goblet cell hyper/metaplasia \[[@CR15]\].

In other studies, mice were sensitized and challenged with OVA three times per week (for four weeks). OVA mice exhibited significantly greater thickening and inflammation of the alveolar wall. The epithelial thickness and collagen deposition in airways and lung parenchyma were increased. In addition, OVA induced an increase in the mRNA expression of collagen I and collagen III. However, OVA-sensitized and challenged animals treated with Ang-(1-7) or AVE0991 presented reduced inflammation in the interalveolar space with normal appearance of alveolar lumen and reduce epithelial thickness \[[@CR52], [@CR75]\]. Furthermore, OVA-sensitized and challenged mice treated with Ang-(1-7) presented a marked reduction in collagen deposition in airway walls, lung parenchyma, and mRNA expression of collagen I and III (Fig. [4](#Fig4){ref-type="fig"}. \[[@CR52]\]).Fig. 4Representative histological images of lung sections stained with Gomori's trichrome from OVA-sensitized and challenged mice (**a**) and treated with Ang-(1-7) (**b**). OVA-challenged mice presented marked peribronchial and perivascular fibrosis (**a**-asterisks), which was prevented by Ang-(1-7) treatment (**b**). (**c** and **d**) Representative histological images of lung sections stained with periodic acid schiff (PAS) from OVA-sensitized and challenged mice and treated with Ang-(1-7). The OVA-challenged mice presented increased mucus deposition in airways (**c**-arrows). In addition, the treatment with Ang-(1-7) decreased mucus deposition in airways in mice with allergic pulmonary inflammation (**d**) \[[@CR52]\]

The model of chronic asthma in mice with lack of the Mas receptor induces an intense degree of lung inflammation and remodeling in a mice strain (FVB/N) less sensitive to an experimental model of asthma. Indeed, FVB/N-WT (wild-type) mice presented an attenuated response to OVA challenge compared with the response observed in Balb/C mice subjected to the same protocol. However, deletion of Mas receptor induces worsening of the development of chronic allergic lung inflammation in mice. These data show that impairment of the Ang-(1-7)/Mas receptor pathway may lead to the deterioration of the pathophysiology of asthma \[[@CR53]\].

A recent study, showed that treatment with Ang-(1-7) at the peak of the inflammatory process induced resolution of eosinophilic inflammation in an experimental model of asthma. Balb/c mice were sensitized and challenged with ovalbumin and treated with Ang-(1-7), 24 h after the last OVA challenge. The inclusion of Ang-(1-7) into an oligosaccharide HPβCD cavity protects the peptide during its passage through the gastrointestinal tract. Resolution of inflammation is an active process that allows cessation of inflammation and re-establishment of tissue homeostasis. Therefore, oral treatment with Ang-(1-7) promoted prevention of excessive trafficking of eosinophil to the lung, shutdown intracellular signaling molecules associated with cytokine production and eosinophil survival, apoptosis of recruited eosinophil, and promotion of clearance of apoptotic leukocytes, i.e., efferocytosis. These effects induced the return of pulmonary homeostasis through a decrease in extracellular matrix accumulation and a great reduction in collagen I and III genes expression in the lung \[[@CR54]\].

These data will accelerate the research efforts for the development of new Ang-(1-7)-based pharmacological strategies to control, prevent, and treat chronic inflammation-related diseases, such as asthma. Thus, the observation that Ang-(1-7) is effective through oral route can provide clinical benefits for treatment of allergic asthma, as it can be better tolerated than nebulization or than standard drugs, and it can act sistemically reducing overall inflammation and optimizing health of patients

Ang-(1-7) in Pulmonary Fibrosis {#Sec5}
===============================

Pulmonary fibrosis (PF) is a fatal lung disease of unknown cause. The disease is characterized by progressive scarring of the lung tissue accompanied by fibroblast proliferation, the sudden onset of lung parenchyma, with thickening of the alveolar septa, hyperplasia of type II pneumocytes (PII), and myofibroblasts, causing narrowing of airways, all leading to a loss of lung function and decreased quality of life \[[@CR79]\]. Theestimated prevalence of PF is around 30 cases per 100,000 people, reaching more than 100 individuals per 100,000 people aged 75 years or more \[[@CR71]\]. Treatment forPF with anti-inflammatory, immunosuppressive, and antifibrotic agents has not shown promising results to abate the progression of the disease or to improve the quality of life \[[@CR71]\]. Therefore, it becomes essential to better understand the disease pathophysiology and to identify novel therapeutic targets/agents for the treatment of PF.

Bleomycin (BLM), used and described method to cause PF in rodents, is a chemotherapeutic used in the treatment of several neoplasias. Challenged with BLM in intratracheal administration causes some lung lesions such as parenchyma inflammation, lesion of the alveolar epithelial cells with reactive hyperplasia, activation and fibroblast to myofibroblast differentiation and pulmonary fibrosis \[[@CR64]\]. In addition, the presence of PH secondary to fibrotic lung diseases, called cor pulmonale, indicates poor prognosis with a compromised cardiac function.

Studies demonstrate that Ang II/AT1 receptor is required for the pathogenesis of experimental lung fibrosis. Ang II has a number of profibrotic effects on lung parenchymal, such as induction of growth factors for mesenchymal cells, extracellular matrix deposition, production of cytokines, and increased motility of lung fibroblasts \[[@CR55], [@CR58]\]. Recent evidence shows that the counterregulatory molecule Ang-(1-7), the product of the ACE2 acts as an antifibrotic pulmonary survival factor \[[@CR87]\].

Shenoy et al. \[[@CR82]\] showed that endotracheal instillation of bleomycin evoked a severe fibrotic response, characterized by the accumulation of interstitial lung collagen. In addition, increased lung mRNA levels of an important cytokine that plays a key role in fibrogenesis, the transforming growth factor-β (TGF-β), were also observed. Collagen deposition and TGF-β were significantly decreased by overexpression of ACE2 or Ang-(1-7). Furthermore, this study did detect pulmonary hypertension (PH) and right ventricular hypertrophy (RVH) after bleomycin administration. However, treatment with Ang-(1-7) prevented the development of both PH and RVH. The treatment with Ang-(1-7) or overexpression of ACE2 presented similar beneficial effects, possibly mediated via generation of Ang-(1-7). It is conceivable that the protective effects of ACE2 and Ang-(1-7) on the heart may be secondary to the reduction in the lung fibrosis.

Meng et al. \[[@CR60]\] investigated whether the upregulation of the ACE2/Ang-(1-7)/Mas axis protects against BLM-induced pulmonary fibrosis by inhibiting the mitogen-activated protein kinase (MAPK)/NF-κB pathway. In this experimental protocol, male Wistar rats were submitted the PF by BLM and/or AngII. The results showed that Ang-(1-7) regulates the balance of the RAS from the ACE/AngII/AT1R axis toward the ACE2/Ang-(1-7)/Mas axis. The BLM-treated animals presented characteristic histological changes in lung tissue, including areas of inflammatory infiltration, thickening of the alveolar walls, increased interstitial collagen deposition, and a fibroblastic appearance. Chronic infusion with Ang-(1-7) resulted in a protective effect against lung fibrosis. Furthermore, treatment with Ang-(1-7) and lenti-ACE2 protect against BLM- or AngII-induced inflammation and extracellular matrix (ECM) accumulation by inhibiting the MAPK/NF-κB and NF-κB signaling pathways. These results suggest that treatment with Ang-(1-7) decreased activation of MAPKs pathways (ERK1/2, p38, JNK) and NF-κB, which are crucial for lung fibrogenesis \[[@CR60]\].

Study in vitroshows that human fetal lung-1 cells were pretreated with compounds that block the activities of AT1 receptor, Mas (A-779), and MAPKs before exposure to Ang II or Ang-(1-7). The human fetal lung-1 cells were infected with lentivirus-mediated ACE2 before exposure to Ang II. Ang-(1-7) and lentivirus-mediated ACE2 inhibited the Ang II-induced MAPK/NF-κB pathway, thereby attenuating inflammation and α-collagen I production, which could be reversed by A-779, Mas receptor antagonist. Ang-(1-7) inhibited Ang II-induced lung fibroblast apoptotic resistance via inhibition of the MAPK/NF-κB pathway and activation of the mitochondrial apoptotic pathway \[[@CR60]\].

It is well known that in addition to MAPK and NF-κB activation, the reactive oxygen species (ROS) generated by NADPH oxidase-4 (NOX4) initiates lung fibrosis. ROS generation plays a relevant role in lung fibrosis, and recent studies suggest that NADPH oxidases (NOXs) are key sources of ROS in the fibrotic lung \[[@CR6]\]. The NOX4 in mediating fibroblast functions during the lung fibrosis process has been stressed. In addition, mice with genetic deletion of NOX4 are protected against BLM-induced pulmonary fibrosis \[[@CR29]\]. Meng et al. \[[@CR61]\] showed that NOX4-dependent ROS caused by the activation of the ACE/Ang II/AT1 receptor axis contributes to the development of AngII- or BLM-induced lung fibrosis by fibroblast migration and α-collagen I synthesis. Ang(1-7) and lentiACE2 treatmentprotect against BLM-induced pulmonary fibrosis by shifting the balance of the RAS toward the ACE2/Ang(1-7)/Mas axis and by inhibiting the generation of ROS. In addition, Ang-(1-7) and llentiACE2 protected against BLM- or Ang II-induced lung fibroblast migration and ECM accumulation by inhibiting the NOX4-derived. These results suggest that the ACE2/Ang(1-7)/Mas axis could be a novel pharmacological antioxidant target for lung fibrosis induced by Ang II-mediated ROS \[[@CR61]\].
